We study CP asymmetries in lepton-number violating two-body scattering processes and show how they are related to CP asymmetries in the decays of the intermediate massive Majorana neutrinos. We demonstrate that self-energy corrections do not contribute to CP asymmetries in leading order.
Decays of heavy Majorana neutrinos may be responsible for most of the cosmological baryon asymmetry [1] . As detailed studies have shown, the observed asymmetry n B /s ∼ 10 −10 is naturally obtained for theoretically well motivated patterns of neutrino masses and mixings, without [2, 3, 4] and with [5, 6] supersymmetry. The CP asymmetry in Majorana neutrino decays is conventionally evaluated from the interference between the tree diagram and the one-loop vertex correction [7] . Recently, this procedure has been challenged, and it has been argued that also the interference between the tree diagram and the self-energy corrections has to be taken into account [9] [10] [11] . This question is important since the self-energy contributions appear to have a large effect in some cases [12] . In the following we shall investigate this problem. We find that self-energy corrections have no effect on observable CP asymmetries.
The heavy Majorana neutrinos, which one obtains as mass eigenstates if right-handed neutrinos are added to the standard model, are unstable. Hence, they cannot appear as in-or out-states of S-matrix elements. Rather, their properties are defined by appropriate S-matrix elements for stable particles [13] . For scattering processes of stable particles one may define CP asymmetries which, at least to some accuracy, can be obtained by appropriately defined CP asymmetries of partial decay widths of the intermediate unstable particles. The question then is whether in such a definition the self-energy correction has to be included or not.
Majorana neutrino propagator
We consider the standard model with three additional right-handed neutrinos. The corresponding Lagrangian for Yukawa couplings and masses of charged leptons and neutrinos reads
is the left-handed lepton doublet and φ = (ϕ + , ϕ 0 ) is the standard model Higgs doublet. λ l , λ ν and M are 3 × 3 complex matrices in the case of three generations. One can always choose a basis for the fields ν R such that the mass matrix M is diagonal and real with eigenvalues M i . The corresponding physical mass eigenstates are then the three Majorana neutrinos
At tree level the propagator matrix of these Majorana neutrinos reads
where C is the charge conjugation matrix. This propagator has poles at p 2 = M 2 i corresponding to stable particles, whereas the physical neutrinos are unstable. This is taken into account by summing self-energy diagrams in the usual way, which leads to the resummed propagator
At one-loop level the two diagrams in fig. 1 yield the self energy where
(1 ± γ 5 ) are the projectors on right-and left-handed chiral states. Σ R and Σ L are the contributions of the diagrams figs. 1a and 1b, respectively. They can be written as products of a complex function a(p 2 ) and a hermitian matrix K,
where
B 0 is the usual massless one-loop two-point form factor [8] ,
For simplicity we will omit the argument of a in the following, however one should keep in mind that a depends on p 2 .
According to eqs. (3), (4) and (5) the resummed propagator S(p 2 ) satisfies
The fermion propagator S(p 2 ) consists of four chiral parts
Inserting this decomposition into eq. (8), and multiplying the resulting equation from the left and the right with chiral projectors P R,L , yields a system of four coupled linear equations for the four parts of the propagator. The solution reads
To leading order in Σ, the diagonal elements of S(p 2 ) reduce to the usual Breit-Wigner propagators.
CP asymmetries in lepton number violating processes
The description of unstable particles in the framework of quantum field theory is a subtle problem. The fields in the Lagrangian usually correspond to asymptotic free states appearing at infinite times as incoming and outgoing states, in contradiction to the finite lifetime of unstable particles. The solution to this problem has been worked out long ago [13] . In a consistent S-matrix only stable particles appear as in-and out-states, whereas unstable particles occur in intermediate states where they are represented by propagators in which all self-energy diagrams have been resummed.
Due to the resonance behaviour of this propagator amplitudes containing an unstable particle as intermediate state can often be approximately factorized. Unstable particles can then be treated as if they were stable. However, one has to bear in mind that this is only an approximation which is not justified in all cases.
To check whether factorization of amplitudes is a sensible approximation and how selfenergy corrections have to be included, one has to take the production process of the neutrinos into account when discussing their decays. In the following we will therefore investigate the full 2 → 2 scattering processes with heavy neutrinos as intermediate states and stable particles as external lines. Due to the CPT theorem lepton number conserving processes like l + φ → l + φ are CP invariant to all orders of perturbation theory, and we can therefore restrict ourselves to lepton number violating processes.
The ∆L = −2 process l + φ → l c + φ c is mediated by a heavy neutrino in the s-or the t-channel. The pure t-channel contribution is CP invariant since the loop integrals do not get absorptive contributions in this channel. The interference terms between s-and t-channel will contribute to the CP asymmetry, however these contributions are of higher order than the pure s-channel contributions at s = M 2 i . Hence, we will focus on the s-channel diagrams in the following.
To leading order CP asymmetries originate from the interference of tree level with oneloop diagrams, and the contributions of different one loop diagrams can therefore be treated separately. The "wave function" contributions to the CP asymmetry considered in refs. [9] [10] [11] [12] can be obtained from the diagrams in fig. 2 as follows. The cross section corresponding to the contributions of fig. 2 is singular at s = M 2 i , and one may think that the correct finite answer is obtained by the substitution which changes the tree propagator in the scattering amplitude to a Breit-Wigner propagator, i.e.,
K ii M i is the total width of the heavy neutrino N i . The cross section then contains an overall factor, which in the narrow width approximation reduces to yield the cross section
where the index ris stands for "real intermediate state". The cross section for the CP conjugated process
The corresponding CP asymmetry is given by
This corresponds to the result obtained in ref. [10] . The additional factor of two occurs since the CP asymmetry arises in the production and the decay of the intermediate neutrino.
If the ad-hoc prescription given above is correct, the result eq. (15) should also follow from the cross sections computed with the full resummed propagator at s = M 2 j . The s-channel contribution to the cross section for the process l + φ → l c + φ c reads
where we have summed over isospin and flavour indices of the external particles. For the CP conjugated process l c + φ c → l + φ one has correspondingly,
Comparing the definitions of S RR and S LL in eqs. (10) and (11) one sees that the two cross sections can be transformed into each other by exchanging a(s) and a * (s). Hence, the CP asymmetry vanishes if σ is symmetric with respect to this replacement.
Expanding the propagators S RR and S LL in powers of K, one can prove that this is indeed true to all orders. S LL and S RR are defined as a geometric series, processes. The leading contribution to the CP asymmetry originates from the interference of the tree level and the one-loop diagrams in fig. 3 . We have calculated the cross sections with resummed propagators, which can be used to obtain the CP asymmetry at s = M 2 j . The result reads
with
This corresponds exactly to the usual CP asymmetry in decays of heavy neutrinos.
We have investigated different possible sources of CP violation in lepton number violating processes mediated by heavy Majorana neutrinos. CP asymmetries are consistently defined in processes containing only stable particles as external lines, whereas unstable particles only occur as intermediate states represented by resummed propagators. We have shown that selfenergy diagrams do not contribute to CP asymmetries, and that the usual vertex contributions to CP asymmetries can be calculated correctly as asymmetries in partial decay widths of the intermediate neutrinos.
